ABSTRACT: Spatial and temporal patterns of larval replenishment to the San Blas Archipelago were measured using 3 light traps in each of 3 habitats (exposed, lagoon and back-reef) over 18 lunar months from December 1996 to June 1998. Traps were sampled for 19 consecutive nights centred on the new moon in each month. The effects of environmental variables (wind speed and wind direction, tidal range, rainfall, solar radiation and water temperature) on catches were examined both in the days immediately prior to settlement and during the entire larval phase using 2 approaches. Firstly, time-series analyses were used to compare night-to-night patterns in light trap catches of 11 species (Astrapogon puncticulatus, Eucinostomus melanopterus, Lutjanus apodus, L. mahogani, Ophioblennius atlanticus, Stegastes dorsopunicans, S. partitus, S. planifrons Synodontidae spp., Thalassoma bifasciatum and an unidentified blenny) with environmental variables. Secondly, modified correlation analysis was used to examine the relationships between environmental variables, averaged over larval durations, and light trap catches of 6 of these species. Time-series analysis detected significant correlations between catches of 8 species and wind direction; however, correlations were often weak and variable in direction. Similarly, there were weak correlations between day-to-day catches of all but 3 species and water temperature. Modified correlation analysis also found that water temperature was correlated with catches of 4 species (Lutjanus mahogani, Stegastes dorsopunicans, S. partitus and S. planifrons). Catches of the remaining species, Ophioblennius atlanticus and Thalassoma bifasciatum, were not correlated with environmental variables in these analyses. Multiple-regression analysis could not detect any combined effects of environmental variables on patterns of light trap catches, although this analysis also identified weak correlations (R 2 = 0.08 to 0.29) between catches of Lutjanus mahogani, Ophioblennius atlanticus, Stegastes dorsopunicans, S. partitus, S. planifrons and Thalassoma bifasciatum and water temperature. 
INTRODUCTION
Studies examining the influence of environmental variables on the delivery of tropical reef fish larvae from the plankton to juvenile and adult populations have generally examined the processes occurring immediately prior to, or at the time of settlement into benthic habitats (Milicich 1994 , Thorrold et al. 1994a . The focus on this time in the life history reflects the perceived importance of factors that influence the dispersal of larvae at the end of their larval lives as determinants of replenishment patterns (Cowen & Sponaugle 1997 , Kingsford & Finn 1997 , Sponaugle & Cowen 1997 . However, such studies have varied in their ability to correlate the intensity of replenishment with potential transport mechanisms such as current flow or wind speed and direction. For example, Shenker et al. (1993) and Thorrold et al. (1994c) found that in the Bahamas the replenishment of several taxa of shore-fishes was influenced by longshore or cross-shelf currents and winds that generated peaks in settlement lasting several days. In contrast, an 11 yr study by Robertson et al. (1999) in Caribbean Panamá found little relationship between wind patterns and monthly recruitment of a common wrasse, Thalassoma bifasciatum. Similarly, Kingsford & Finn (1997) found only weak correlations between the numbers of reef fishes arriving each night on a reef on the southern Great Barrier Reef (GBR) and wind speed or direction.
Recent studies that have examined the swimming and sensory abilities of reef fishes at the end of the pelagic stage may explain these results, as they suggest that older larval stages of some species are unlikely to be passively distributed by currents. Instead, such larvae appear to be accomplished swimmers capable of detecting reefs and controlling their distribution in the plankton (Leis et al. 1996 , Leis & Carson-Ewart 1997 , 1999 , Stobutzki & Bellwood 1998 . For many species, this behaviour may act to effectively decouple any link between transport processes and variation in replenishment at the end of the planktonic stage (Kingsford & Finn 1997) .
The emphasis on transport and dispersal in tropical studies contrasts with the approach in temperate systems where for nearly a century, fisheries ecologists have focused on the role of environmental processes occurring throughout the planktonic larval lives of marine fishes as determinants of survivorship and, ultimately, variability in replenishment (Cowen & Sponagule 1997) . Such studies implicate a range of environmental variables that may act independently or in unison to influence the survivorship of larvae within the plankton. For example, optimum light levels may enhance productivity and the availability of food resources for larvae, thus increasing survivorship (Heath 1992 , Cushing 1995 , Gallego et al. 1996 . Such effects may be most critical during the first weeks of larval life, rather than when larvae are nearing the time of settlement (Theilacker et al. 1996) . This suggests that any investigation of the influence of environmental processes on patterns of replenishment of reef fishes should not only focus on events occurring in the days near settlement, but should also examine their importance over the entire larval duration of study species.
Here we examine the influence of environmental variables on the replenishment of reef fishes in the San Blas Archipelago, Caribbean Panama. Measures of replenishment were derived from an 18 mo study that used light traps to sample reef fishes on their arrival in 3 nearshore habitats in the Archipelago (Wilson 2001) .
We investigated the relative importance of processes acting both throughout larval life and just prior to settlement of young fish into the benthic habitats of adults, as determinants of the magnitude of replenishment to this locality. Two approaches were used to achieve this goal. Firstly, time-series analysis was used to compare day-to-day patterns in light trap catches with those of environmental variables such as wind strength and direction. Secondly, modified correlation analysis (Pyper & Peterman 1998) was used to examine relationships between environmental variables throughout the entire larval stage and the magnitude of light trap catches. The 11 most abundant species collected in the traps during the 18 mo of the study were the subjects of these analyses.
MATERIALS AND METHODS
Biological sampling. Replenishment was monitored for 342 nights over 18 consecutive lunar cycles, using light traps, from December 1996 to June 1998 in the San Blas Archipelago (9°34' N, 78°58' W). A detailed description of the study site and sampling program is given in Wilson (2001) . Briefly, 3 traps were deployed on fixed moorings just below the surface in each of the exposed, lagoon and back-reef habitats (see Fig. 1b of Wilson 2001) . Traps within a habitat were separated by ca 100 m and at a distance of 50 to 100 m from the reef margin. During each lunar month, traps were sampled for 19 consecutive nights centred on the new moon. Sampling during this period encompassed the time when the majority of larvae (90%) arrived in benthic habitats (Robertson 1992 , Wilson 2001 .
Environmental variables. Environmental data were measured at and around the Smithsonian Research Station in San Blas. Wind speed and direction were monitored hourly using an R. M. Young anemometer (R. M. Young Co., Traverse City, Michigan) mounted on a tower 10 m above the water. Prior to these data being compared to nightly catches in traps, daily averages were calculated and wind speed and direction were combined into a single coarse wind component. Winds originating from the NW to E (315.1 to 90°) were categorised as positive (onshore) and winds from 90.1 to 315°as negative (offshore) components (Milicich 1994) .
Mean daily water temperatures were measured with a Hobo and Ryan temperature sensor (Onset Instruments, Pocasset, MA) at a depth of 6 m. The sensors recorded temperature every 106 min and measurements were then interpolated to the nearest hour and a daily average calculated. The resolution of temperature readings was 0.25°C. Daily totals of rainfall were monitored using a Stevens logger and encoder (Stevens Water Monitoring Systems, Leupold and Stevens, Inc., Beaverton, OR) while solar radiation was recorded as total Wm -2 h -1 using an Li-Cor sensor and logger (Li-Cor, Inc., Lincoln, NE). Local tidal variations were monitored using an automatic logger that calculated water levels every 6 s. Tidal range was calculated as the maximum minus the minimum tidal height each night.
Data analysis. Prior to analysis, catches from each 19 consecutive night period and environmental variables on the corresponding days were concatenated into a single, nightly time series of 342 nights. Each data point (night) was the mean catch of all light traps operating on that night. Data sets were transformed to ln(x + 1) values in order to stabilise the variance. As the autocorrelation coefficients of most time series decayed exponentially, the data was also transformed using first-order differencing prior to analysis (Chatfield 1997) . Auto regressive integrated moving average (ARIMA) models were then fitted to the data and the number of autoregressive (AR) and moving average (MA) parameters was determined by inspecting the autocorrelogram. The reliability of the model fit was confirmed by examining the autocorrelogram to ensure that autocorrelation had been removed. In addition, the residuals from the model were plotted to examine normality. Cross-correlation techniques were then used to examine relationships between light trap catches and environmental variables using residuals from the ARIMA models. Only significant correlations between time series where environmental events preceded catches at lags ≤ 6 d are presented, as correlations at longer lags were considered unreliable (Kingsford & Finn 1997) . These analyses were run firstly on the entire data set and then separately on the data from wet and dry seasons.
Generally, time-series analysis has been used to examine relationships between autocorrelated data sets such as nightly catches in light traps and wind speed, water temperature and other environmental variables (Milicich 1994 , Kingsford & Finn 1997 , Robertson et al. 1999 ). However, a recent study has shown that this type of analysis reduces statistical power by failing to include low-frequency signals in the data sets that may be important for correlation between variables (Pyper & Peterman 1998 ). This was not considered to be a problem in the previous analysis, which focused on day to day patterns in light trap catches and day to day patterns in the environmental variables likely to affect the transport of larvae to reef habitats such as wind strength and direction. In contrast, the environmental variables likely to affect biological processes such as planktonic productivity will act over time scales of weeks to months, rather than days. For this reason, this analysis used a modified correlation analysis (described by Pyper & Peterman 1998) in order to include both low-and high-frequency variation in the comparison of variables.
We firstly obtained estimates of the Planktonic Larval Durations (PLD) of the study species. This information was available for only 6 of the 11 species ( The remaining species were not included in this analysis. These larval durations identified the period over which environmental variables were to be averaged. For example, in order to compare light-trap catches of S. dorsopunicans with wind speed, measurements from 21 d prior to each date of light-trap sampling were averaged (i.e. the mean PLD for this species). These time series of environmental variables and light-trap samples were then pooled into 3 intervals of equal duration in each month (6 nights) in order to account for the likely variation in larval duration among the individuals collected in a trap on any night of sampling and to reduce the influence of day-to-day variability in the magnitude of catches. This provided a series of 54 x-y data points. These were compared using correlation analysis with a test statistic modified using the procedure outlined by Pyper & Peterman (1998) . Briefly, this modification adjusts the test statistic to account for the amount of auto-correlation inherent in the data sets, thus reducing the chances of Type I error. In order to compare the importance of environmental variables during different phases of the larval duration, this analysis was repeated where only environmental variables measured during the first or second halves of the larval duration were included in the data sets. Thus, for the species in the above example, only wind speeds measured from 1 to 11, or from 12 to 21 d prior to the date of capture were included in the data sets.
The data sets for these species were also correlated with environmental variables using multiple regression analyses. All variables were log 10 -transformed to improve linearity. Correlation matrices were calculated and, where a model selected 2 highly correlated variables, the variable that contributed most to the model was retained and the other discarded. This procedure ensured that the final estimate of correlation was not inflated due to non-independence of some variables. These analyses were run using STATISTICA (StatSoft, Tulsa, OK).
RESULTS

Environmental variables
During the wet season, winds were weak (range = 2.1 to 6.5 m s -1 , Fig. 1a ) and variable in direction (Fig. 1b) . During the dry season, winds were stronger and consistently onshore from the NNE, with only 2 episodes of offshore winds (range = 2.2 to 9.8 m s -1 : Fig. 1 ). As expected, wind speed and wind component were strongly correlated (Table 1) .
Rainfall peaked between May and November (Fig. 2a) and was negatively correlated with solar radiation (Fig. 2b, Table 1 ). Average water temperature during the study displayed a positive long-term trend, increasing between the first and second dry seasons (Fig. 2c) . Tidal ranges were lower and had a stronger semi-diurnal pattern during the dry season than the wet season (Fig. 2d ). There were significant positive correlations between wind speed and water temperature, and water temperature and solar radiation (Table 1) .
Abundance of pre-settlement fishes in light traps
Astrapogon puncticulatus, Eucinostomus melanopterus, Lutjanus apodus, L. mahogani, Ophioblennius atlanticus, Stegastes dorsopunicans, S. partitus, S. planiforns, Synodontidae spp., Thalassoma bifasciatum and an unidentified blenny (Blenniid Type 2) were the most abundant species collected by the light traps during the study. over the 18 lunar months of the study. Replenishment of each species was often sporadic, however most displayed an increase in abundance between the first and second dry seasons. This was reflected in patterns of total catches ('All taxa': Fig. 5 ). Most species had peaks in catches associated with the wet season months, although abundances of the unidentified blenny (Blenniid Type 2) peaked during the dry season. E. melanopterus and Synodontidae spp. did not display any strong seasonal variation in abundance, and were collected in similar numbers throughout both wet and dry seasons.
Correlations between day-to-day patterns in light trap catches and environmental variables
Correlations between wind speed, component and abundance patterns of each species were generally weak and variable (Table 2) . While large catches of 2 damselfishes, Stegastes partitus and S. planifrons occured during periods of offshore winds between 2 and 4 m s -1 (Fig. 6 ), this pattern was sporadic, and with a single exception, correlations between catches of these species and wind speed and component were non-significant (Table 2) . Lutjanus apodus was collected almost exclusively during offshore winds, as shown by the negative correlations with the wind vector over the entire sampling period (Table 2, Fig. 6 ). The remaining species displayed little correlation between the wind component and catches ( cans and Synodontidae spp. at lags of 2 (r = 0.22) and 6 (r = 0.24) nights respectively, and negatively correlated with Thalassoma bifasciatum at a lag of 0. Catches of the 2 blennies (Blenniid Type 2 and Ophioblennius atlanticus) were poorly correlated with most wind variables ( Table 2 ). In addition to wind strength and direction, nightly catches of each species were cross-correlated with 4 other environmental variables (tidal range, rainfall, solar radiation and water temperature). These correlations were generally weak or non-significant; however, catches of 7 species during the dry season and 5 species during the wet season were weakly correlated with water temperatures (Table 3) .
Nightly catches of Astrapogon puncticulatus were weakly correlated with tidal range and water temperatures over the dry season, at a lag of 2 nights (Table 3) . Tidal range was also correlated with catches of Eucinostomus melanopterus during the wet season and Stegastes partitus during the dry season at lags of 2 nights and catches of S. partitus at a lag of 5 nights during the wet season (Table 3) . Similar correlations between catches and tidal range were recorded for Lutjanus mahogani and Synodontidae spp. There were weak, negative correlations between solar radiation and catches of 7 species, while rainfall was poorly correlated with catches of only 2 species during both seasons.
During the dry season, catches of all species except Blenniid Type 2, Ophioblennius atlanticus, Synodontidae spp. and Thalassoma bifasciatum, were positively correlated with water temperature at short lags (0 to 2 nights), although some of these relationships were weak (Table 3 ). The strongest correlations occurred between water temperatures and catches of the 2 lutjanid species and Eucinostomus melanopterus in the dry season (Table 3) . Water temperature was also correlated with the combined catches of all taxa in traps at a lag of 5 nights in the wet season and at a lag of 0 nights in the dry season. Water temperatures during the wet season were positively correlated with catches of Stegastes partitus and Synodontidae spp., but were negatively correlated with catches of Lutjanus apodus, L. mahogani and S. dorsopunicans (Table 3) . Gener- 
Correlations between environmental variables averaged over larval durations and light trap catches
There were few significant correlations between environmental variables (wind component, tidal range, rainfall and solar radiation), averaged over the PLD of the study species, and tight trap catches. However, average daily water temperatures were significantly correlated with catches of 4 species (Lutjanus maho- Table 4 . Correlation coefficients (r) between water temperature and log 10 catches of 6 species collected using light traps during 19 nights centred on the new moon in each of 18 consecutive lunar cycles from 31 December 1996 to 3 June 1998. Temperatures were calculated by averaging values during the period of days prior to capture equivalent to mean larval durations of each species. Catches and temperatures were then averaged over 6 night intervals in each lunar month giving 54 x-y pairs of data points for analysis (see 'Materials and methods' for details). *Significant at 0.05, **significant at 0.01, using critical values calculated as outlined by Pyper & Peterman (1998) . PLD: planktonic larval duration Water temperature (°C) in either the first or second half of the larval period. Catches of Ophioblennius atlanticus and Thalassoma bifasciatum were not correlated with environmental variables (Table 4) . Multiple-regression analysis detected no combined effects of the environmental variables on catches of any of the 6 species. Water temperatures were again identified as the only variable correlated with catches, although this accounted for only a small amount of the variance in the data (R 2 = 0.08 to 0.29; Table 5 ).
gani, Stegastes dorsopunicans, S. partitus and S. planifrons,
DISCUSSION
This study compared both wind speed and direction with nightly patterns of replenishment of 11 species of reef fishes in the San Blas Archipelago, using time series analyses. Of these species, 8 displayed significant correlations between catches in light traps and wind speeds at short lags. However, catches and wind variables were weakly correlated and the signs of correlations were sometimes inconsistent. For example, catches of Stegastes dorsopunicans were positively correlated with wind speeds during the wet season, but negatively correlated during the dry season.
Weak correlations between winds and the replenishment of Thalassoma bifasciatum were consistent with the results of previous studies. Robertson et al. (1999) found little correlation between wind patterns and daily and monthly recruitment (estimated by collections from small patch reefs) of this species at San Blas during 11 yr. These workers concluded that either the currents that deliver settlers to reefs were not influenced by short-term fluctuations in wind, or that the settlement of T. bifasciatum may be driven by environmental and biological processes other than transport mechanisms.
During the wet season, when the majority of presettlement fishes were collected by traps, winds were usually weak (2 to 4 m s -1 ) and offshore. Offshore wind strengths of this magnitude might produce currents that are insufficient to prevent active onshore migration of larvae at most times and may contain stimuli for settlement, enabling larvae to detect reefs and respond by actively migrating to suitable habitats. Such behaviour is thought to determine settlement patterns of reef fishes on the GBR (Doherty et al. 1996 , Kingsford 1997 .
This idea assumes that larvae are capable of swimming against surface currents created by offshore winds, which seems likely since many are strong swimmers that are able to travel great distances in relatively short periods of time (Leis & Carson-Ewart 1997 , Stobutzki & Bellwood 1997 . Interestingly, the species whose catches were most strongly correlated with offshore winds was the lutjanid, Lutjanus apodus. Leis & Carson-Ewart (1997) examined swimming ability in a range of reef fish larvae and found members of this family were among the most proficient and were able to swim against strong currents (20 to 40 cm s -1
). Alternatively offshore winds may drive oceanographic processes such as Ekman transport and upwelling that might result in the delivery of larvae to reefs. For example, Pitts (1999) found that upwelling along the central Atlantic Coast of Florida transported fish and crustacean larvae across the shelf and towards the shore. Similar results were recorded by Hamann et al. (1981) in a study of the Mauritanian upwelling area and by Brubaker et al. (2000) along the coast of North Carolina. It is difficult to determine if such physical processes also operate in San Blas, as the influence of wind speed and direction on surface currents and the oceanography of the local region is largely unknown.
Weak or non-significant correlations between the intensity of nightly replenishment and potential transport mechanisms such as current flow or wind speed and direction suggest that variation in catches of the (Cushing 1982 , Koslow 1984 , Sharp 1991 and may result from both direct and indirect influences on the survivorship of larvae in the plankton. Theoretical studies suggest that warm temperatures raise metabolic and growth rates of larvae, reducing the amount of time they remain in the vulnerable planktonic stage and thus lowering mortality rates, but also making larvae more susceptible to starvation (Houde 1989 ). Higher water temperatures may also increase primary and secondary production in planktonic food chains, ensuring better feeding conditions for larvae (Heath 1992) . Such processes may account for the positive correlations between water temperature and light trap catches in San Blas; however, they are unlikely to be the sole factor governing replenishment, since such correlations accounted for only moderate amounts of the variance in the data sets.
The lack of correlations between catches and environmental variables (averaged over larval durations) other than water temperature in San Blas may be due to a number of factors. Only a restricted subset of environmental variables were examined and it is possible that other, unmeasured variables (e.g. salinity, primary productivity), may contribute significantly to variability in replenishment patterns. Additionally the environmental variables measured at San Blas Point might differ from those actually experienced by larvae during the initial stages of development and dispersal in the plankton.
A lack of correlations between environmental variables and replenishment would also be expected if patterns were largely driven by the spawning output of the study species. However, earlier studies show this not to be the case. Robertson et al. (1988 Robertson et al. ( , 1993 demonstrated that changes in the magnitude of monthly spawning of 4 of the 6 study species were not correlated to subsequent recruitment patterns in the Archipelago. These workers also found that variation in monthly recruitment strength of Stegastes partitus exceeded that of spawning output by as much as 4-to 20-fold, and concluded that the magnitude of recruitment of this species was primarily controlled by processes operating within the plankton (Robertson et al. 1988) .
The failure to detect consistent correlations between replenishment and environmental variables using daily and pooled time series may also be due to the pooling of larvae of different ages at capture in analyses. The extent to which larval durations of reef fishes may differ both among individuals and with time is largely unknown, although some studies suggest that such variation can be considerable. For example, McCormick (1994) found that the PLD of newly settled individuals of the goatfish Upeneus tragula collected at a single locality on the GBR at different times ranged in duration by up to 40% of mean values. If the larval durations of the species used in the correlation analyses were highly variable, this would reduce the power of statistical tests to detect significant correlations between environmental variables and replenishment patterns. This problem was compounded by night-tonight variations in light trap catches, which largely reflects small-scale patchiness in spatial distribution of larvae within the plankton (Milicich & Doherty 1994 , Wilson 2001 . We attempted to reduce these sources of variation by pooling time series of environmental variables and light trap samples into intervals of 6 nights in each month of sampling and transforming catches to log 10 values in order to reduce the influence of strong peaks of abundance in the analysis.
An alternative approach would have been to use otolith analysis to estimate the larval durations of individuals in the comparisons. This information could then have been used to convert light trap catches into records of hatch dates that could be compared with environmental variables on a day to day basis (see Wilson & Meekan in press) . However, otolith analysis is an extremely time-consuming process, and was not logistically feasible since we wished to examine numerous species over the broad time period of the study.
In summary, few strong correlations were found between environmental variables and patterns of replenishment either at the time of settlement or when averaged over larval durations. The lack of correlations between environmental time series and day to day patterns in light trap catches might be due to the behavioural abilities of young fish, which may override physical forcing such that only extreme events (e.g. storms; Shenker et al. 1993 ) have a marked influence on replenishment patterns. There were positive correlations between light trap catches and water temperatures averaged over the larval phase of some species that may have resulted from the effects of temperature on growth rates and/or feeding conditions of larvae. Although significant, these correlations accounted for only a small amount of the variance in light trap catches. Other, unmeasured variables, including those of non-local origin, may exert a stronger influence on light trap catches and future studies should aim to include a greater range of environmental variables, both at the site of replenishment and along possible dispersal paths of larvae.
